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Linear  PEI  has  been  chaaically  nodifled  in  an  attenpt  to  prevent  formation  of  a  crystalline  com¬ 
plex  without  altering  Its  ability  to  dissolve  salts  and  conduct  ions.  Three  naln  systems  were 
Investigated:  (a)  poly(N-acety1ethy1ene  imlne),  (b)  partially  quatemlzed  PEI  with  ethyl  or  butyl 
groups,  and  (c)  PCI  cross-linked  with  di epoxyoctane.  Dissolution  of  salt  uas  followed  by  x-ray 
diffraction  on  the  mixtures  and  changes  In  T  as  determined  by  DSC.  In  all  cases,  the  crystal¬ 
linity  was  destroyed  but  conductivity  of  salt-containing  polymer  was  not  Improved.  However, 
lightly  cross-linked  PEI  exhibits  much  Improved  mechanical  properties  and  the  Incorporation  of 
.05  mole  Nal/mole  of  monomar  yields  a  conductivity  of  5x10*’  S/cm  at  100  *C. 


1.  INTRODUCTION 

Polymers  which  dissolve  salts  and  became 
Ionic  conductors  show  promise  as  solid 
electrolytes  for  high  energy  density 
batteries.  Oxygen-containing  polymers  such  as 
polyethylene  ox 1 del "3,  polypropylene  oxide?’4, 
polyethylene  succinate5,  and  polyphosphazene 
with  ether  side  chains5  have  received  much  at¬ 
tention  In  recent  years  as  host  polymers  for 
dissolved  salts.  He  have  shown  that  linear 
polyethylene  Imlne  (-CH2CH2**Hn  can  not  only 
dissolve  salts  but  In  the  case  of  sodlua 
Iodide,  It  forms  a  high  melting  crystalline 
complex7  analogous  to  that  which  has  been  ob¬ 
served  between  polyethylene  oxide  and  a  vari¬ 
ety  of  alkali  metal  salts. 

The  linear  polyethylene  Imlne  (PEI)  which 
we  Investigated  was  of  low  molecular  weight 
(about  2000).  It  was  brittle  when  crystalline 
and  paste-like  when  the  crystallinity  was  de¬ 
stroyed  upon  Incorporation  of  salts.  In  this 
paper,  we  report  three  modifications  to  the 
PEI  and  their  effects  on  the  physical  and 
chemical  properties  of  the  polymer.  The  modi¬ 
fications  were  (1)  acetyl  side  group  left  on 
the  nitrogen  which  was  an  Intermediate  product 


In  the  synthesis  of  PEI,  (2)  cross-linking 
with  dlepoxyoctane,  and  (3)  quaternizatlon 
with  ethyl  bromide  and  butylbramlde. 

2.  PREPARATION  OF  POLYICRS 

1.  Linear  PAEI  and  PEI 

Linear  po1y(N-acetyl-ethylene  Imlne) ,  PAEI 
was  synthesized  following  the  procedure  of 
Saegusa  et  al®  in  which  methyllodide  initiates 
the  ring-opening  polymerization  of  2-methyl 
oxazollne  in  dimethyl  formamlde.  Although 
this  Is  the  Intermediate  product  In  the  syn¬ 
thesis  of  linear  PEI,  we  did  not  examine  Its 
properties  as  a  solid  electrolyte  until  after 
we  had  Investigated  the  linear  PEI.  In  a 
second  step,  the  linear  PAEI  was  hydrolyzed  in 
2.5N  NaOH  at  100  *C  to  yield  linear  poly¬ 
ethylene  fmine.  It  was  washed  repeatedly  with 
water  until  free  of  NaOH  and  vacuum  dried  at 
successively  higher  temperatures  with  final 
drying  at  100  • C. 

2.  Cross- linked  PEI 

The  rather  low  molecular  weight  linear  PEI 
(about  2000)  prepared  as  described  was 
cross- linked  with  1,2, 7, 8  dlepoxyoctane  In  or¬ 
der  to  Improve  Its  mechanical  properties. 


Initially,  the  cross-linking  was  performed  In 
■othanol  solution  at  80  »C.  Subsequent  tvapo- 
ratlon  of  solvent  loft  a  spongo-llke  material 
unsuitable  u  a  solid  alactrolyta.  FI las  for 
conductivity  measurements  uoro  prepared  by 
first  dissolving  salt  and  linear  PEI  In 
acetonitrile  followed  by  evaporation  of  sol¬ 
vent  which  results  in  a  non-crystalline  paste. 
Snail  Mounts  of  diepoxyoctane  In  aethanol  so¬ 
lution  was  stirred  Into  the  alxture,  pressed 
Into  a  file  on  a  hydraulic  press  and 
cross-linked  at  80  *C.  The  snail  Mount  of 
aethanol  was  then  renoved  by  heating  to  100  *C 
under  vacuua.  These  polyenrs  are  referred  to 
as  PEI-0E0  followed  by  the  aole  percent  of 
diepoxide  that  was  added. 

3.  Quaterolzed  PEI 

A  portion  of  the  lalne  groups  on  the  linear 
polymer  were  converted  to  quaternary  annul  lux 
groups  by  reacting  with  excess  butylbrMlde  or 
ethylbrMlde  In  aethanol  at  80  *C  for  24 
hours.  The  solution  product  was  precipitated 
from  ether  solution  three  tines  and  finally 
dried  under  vacuun  at  100  *C.  Based  on  previ¬ 
ous  work*,  one  can  expect  50S  of  the  nitrogens 
to  be  quaternlzed.  The  quaternlzed  polymers 
are  designated  PEI/BuBr  and  PEI/EtBr. 

4.  Polymer-salt  mixtures 

In  all  cases  except  the  cross-linked  poly¬ 
mer,  the  Incorporation  of  salt  In  the  polymer 
was  accomplished  by  dissolving  both  polymer 
and  salt  In  aethanol  for  several  hours  at 
80  *C.  Films  were  cast  from  solution  In  an  ar¬ 
gon-filled  dry  box  and  dried  In  vacuun.  Pre¬ 
cautions  were  taken  at  all  stages  subsequent 
to  the  hydrolysis  of  the  PAEI  to  prevent 
pick-up  of  moisture  and  a  final  drying  step 
was  performed  with  samples  In  the  conductivity 
apparatus  before  aeasurenents  were  taken. 

3.  EXPERIMENTAL 

1.  DSC  Analysis 

Differential  scanning  calorimetry  was  per¬ 


formed  on  samples  hermetically  saaled  In  the 
dry  box  using  a  Perkln-Elmer  DSC  III®  equipped 
with  a  thermal  analysis  data  station.  Cooling 
capability  extanded  to  only  -40  *C.  Host  of 
the  samples  exMlned  are  amorphous  materials 
and  the  glass  transition  temperature  Is  of 
primary  Interest  froa  the  DSC.  Consequently, 
all  samples  were  heated  to  200  *C  for  S  min¬ 
utes  and  then  quenched  In  the  Instrument  at  a 
setting  of  320  *C/m1nute  which  seemed  to  be 
achievable  frM  200*  to  0  *C  but  became  slower 
than  that  at  lower  temperatures.  Scans  at  In¬ 
creasing  temperature  were  then  obtained  at  a 
heating  rate  of  20  *C/m1n.  The  glass  transi¬ 
tion  reported  was  taken  as  the  temperature  at 
the  mid  point  of  the  Increase  In  heat  capacity 
which  occurs  at  Tg. 

2.  Conductivity  measurements 

DC  conductivity  was  deduced  frM  Cole-Cole 
plots  of  Impedance  obtained  over  the  frequency 
range  frae  100  Hz  to  13  MHz  using  thin  stain¬ 
less  steel  discs  pressed  against  the  polymer 
films  for  electrodes7.  Simples  were  exposed 
to  air  for  a  short  period  of  time  while  loading 
Into  the  glass  apparatus  but  were  dried  in 
situ  by  evacuating  for  one  day  at  roM  tem¬ 
perature  followed  by  one  day  at  150  *C  before 
commencing  the  conductivity  measurements  on 
the  cooling  cycle.  Changes  In  temperature 
were  made  In  increments  of  five  to  ten  degrees 
allowing  at  least  30  minutes  for 
equilibration. 

4.  RESULTS 

OSC  traces  of  linear  polyethylene  imlne  and 
each  of  the  chemically  modified  polymers  are 
shown  In  Figure  1.  As  expected,  the  heat  of 
fusion  of  crystalline  polymer  Is  absent  In 
each  of  the  four  modifications.  The  only  fea¬ 
ture  present  is  a  change  In  heat  capacity  at  a 
temperature  which  we  take  to  be  the  glass 
transition  of  the  resulting  amorphous  poly¬ 
mers.  We  were  unable  to  observe  the  glass 


transition  taaperature  of  tho  sealcrystalllne 
1 Inoar  PEI  because  there  Is  so  little  of  the 
non-crystalline  component  and  It  nay  be  below 
the  taaperature  range  of  our  Instrumentation. 
However,  cross-linking  with  DEO  destroys 
crystallinity  and  Tg  it  obsarved  at  a  taapera- 
turo  which  Increases  with  the  concentration  of 
DEO.  This  variation  of  Tg  with  concentration 
of  0E0  Is  shown  In  Figure  2  which  has  been  ar¬ 
bitrarily  extrapolated  to  zero  concentration 
to  yield  an  estlauted  Tg  of  -35  •  C  for  tho 
linear  PEI. 

The  addition  of  .05  aole  fraction  of  Hal  to 
each  of  these  polyaers  produces  a  change  In  Tg 
but  the  DSC  traces  are  not  shown  since  they 
are  so  shallar  to  those  of  Figure  l.  There*  1 
data  are  siaaarlzed  In  Table  1. 

Values  of  DC  conductivity  Measured  on  sane 
of  these  po1y*ers  before  and  after  the 
addition  of  .05  aole  fraction  Hal  are  plotted 
as  a  function  of  reciprocal  taaperature  In 
Figure  3. 
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FIGURE  1 

DSC  traces  of  linear  polyethylene  lalne  (curve 
a).  po)y(N  acetyl ethylene  lalne)  (curve  b), 

PEI  quatemlzed  with  ethylbroalde  (curve  e), 
PEI  quatemlzed  with  butylbroalde  (curve  d), 
and  PEI  cross-linked  with  25  no let  diepoxy¬ 
octane  (curve  e). 
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FIGURE  2 

Glass  transition  taaperature  as  determined  by 
DSC  versus  concentration  of  diepoxyoctane  used 
for  cross-linking.  Point  at  zero  concentration 
deduced  by  extrapolation. 
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5.  DISCUSSION 

Mixtures  of  linear  poly (ethylene  lalne)  and 
alkali  aetal  salts  exhibit  aany  properties 
analogous  to  those  of  poly(ethylene 
ox1de)-salt  Mixtures.  For  exaaple,  sodium  Io¬ 
dide  dissolves  In  the  polyaer.  Initially  re¬ 
duces  crystallinity  and  Increases  ionic 
conductivity  but  at  higher  concentrations 
forms  a  hlgh-neltlng  crystalline  phase  In 
which  conductivity  Is  decreased7.  Lithium 
salts  also  dissolve  In  the  polyaer,  decrease 
crystallinity  but  do  not  form  a  crystalline 
complex11.  The  linear  PEI  prepared  as  de¬ 
scribed  above  Is  a  low  aolecular  weight  so 
that  when  crystallinity  is  destroyed  upon  dls- 


solution  of  solt,  the  mixture  is  pasts* like 
rather  than  a  solid  polymer  electrolyte.  Khan 
tha  crystal  complex  forms  between  PEI  and  Nal, 
tha  polymer  becomes  brittle  and  exhibits  con¬ 
ductivity  even  loner  than  was  Measured  before 
salt  was  purposely  added.  The  purpose  of  this 
work  was  to  modlfly  the  polymer  so  as  to  1m- 
prove  Mechanical  properties  and  prevent  the 
loss  of  charge  carriers  to  an  Imeoblle  coMplex 
crystal  phase.  All  of  the  Modifications  de¬ 
scribed  resulted  in  disrupting  the 
crystallinity  and  the  formation  of  a  crystal¬ 
line  coMplex  but  they  also  resulted  In  a  large 
Increase  In  glass  transition  taMperature  (see 
Table  1)  and  reduced  Mobility  of  charge  car¬ 
riers  The  unhydrolyzed  precursor  of  linear  PEI 


FIGURE  3 

DC  conductivity  vs  reciprocal  of  absolute  taM¬ 
perature  for  Modified  polyethylene  Imlnes 
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has  a  glass  transition  well  above  rooM  taMper¬ 
ature  and  the  addition  of  .05  Mole  fraction  Nal 
Increases  Tg  to  81  *C  which  Is  too  high  to  be 
practical  In  Most  applications  envisioned  for 
polymeric  electrolytes.  Quaternlzatlon  with 
ethylbroMlde  and  butylbraalde  also  Increased 
Tg  to  the  vicinity  of  rooM  taMperature.  The 
small  change  upon  addition  of  salt  May  result 
froM  low  dissolution  of  salt.  The  conductiv¬ 
ity  of  the  PEI/BuBr  and  PEI/EtBr  to  which  Nal 
has  been  added  Is  not  ouch  larger  than  before 
the  addition  of  salts.  Data  for  the  butyl 
quaternlzed  polymer  before  and  after  addition 
of  salt  are  presented  In  Figure  3.  Note  that 
the  ethyl -quaternlzed  polyawr  with  Nal  has 
nearly  Identical  conductivity  to  that  of  the 
butyl -quaternlzed  polyawr  with  salt. 

The  Most  encouraging  results  were  obtained 
with  the  lightly  cross-linked  sawple. 

Addition  of  3.5  MoleX  diepoxyoctane 
cross-linked  the  PEI  sufficiently  to  Increase 
the  Tg  to  about  -20  C  which  results  In  a 
flexible  file  at  room  temperature.  Incorpora¬ 
tion  of .05  Mole  fraction  Nal  yields  the 
highest  conductivities  shown  in  Figure  3.  At 
the  highest  temperature  shown,  the  conductiv¬ 
ity  is  comparable  to  that  of  polyethylene  ox¬ 
ide  containing  a  mole  ratio  of  Nal  of  0.2*2. 
However,  It  should  be  noted  that  the 
conductivity  of  the  cross-linked  PEI  decreases 
with  temperature  wore  than  the  PEO  system  and 
that  Incorporation  of  More  salt  Increases  Tg 
with  a  further  reduction  In  conductivity. 
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